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SAFETY AND ECONOAIIC COMPARISON OF
FUSION FUEL CYCLES

Abstract

The DT, DD and DHe fusion fuel cycles are compared on tke basis of safety
and economics. The designs for the compartison employ HT-9 structure and helium
coolant; liquid lithtum is used as the tritium breeder for the DT fuel cycle. The
reactors are pulsed superconducting tokamaks, producing 4000 MW thermal power.
The DT and DD designs are developed utilizing a plasma beta of 5 %. 10 % and
20 %. assuming first stability scaling laws; a single value of 10 % for beta is used
for the DHe design. Modest extrapolations of current day technology are employed. *
providing a reference point for the relative ranking of the fuel cycles. Technological
advances and improved understanding of the physics involved may alter the relative
positions from what has been determined here.

The cost of electricity (COE) produced by the DT fuel cycle is projected to be

57 mills/kWWh in 1986 dollars. This cost is a decreasing function of plasma beta
up to a value of 10 %, beyond which no further improvement is seen. The lowest
COE for the DD fuel cycle is 85 mills,k1Wh at 20 % beta. The cost of electricity
produced by the DHe fuel cycle is 79 mulls/kWWh, assuming a helium-3 cost of {0
kS /kg. The COFE is shown to increase by roughly 10 7% as the helium-3 fuel cost

increases by ten fold. Parametric studies indicate a strong dependence of the COE
on the mass utilization factor, or fusion island mass per unit of thermal power
produced. A fusion island mass of ~ 10,000 tonne and a fusion island volume of
~ 3,000 m® place DT tokamaks in the economically competitive region. The DD
tokamaks appear to be too large and massive to be economically viable. A strong
influence of the neutron fluence limit on the COE for the DT fuel cycle is evident

up to 15 —‘—1—::7’51——', above this value, the decrease in COE per unit increase in fluence
limit is not large. The neutron fluence limit has an impact on the COE for the DD
fuel cycle up to a value of 5 M%,—y—'

Tritium inventories for the advanced fuel plants are considerably reduced from
the DT plants. The total vulnerable inventory is reduced by a factor of 20 for the
DD and DHe fuel cycles compared to DT. The total onsite inventory, including both
vulnerable and non-vulnerable forms, is reduced by nearly two orders of magnitude
for the advanced fuels. Tritium breeding and blanket processing are not the major
contributors to the DT plant tritium inventory. In all cases, the bulk of the tritium
resides in the exhaust processing system. The average tritium source term at the
DD and DHe plants is roughly one one-hundredth that at the DT plants. 4 single
detritiation unit is needed to maintain the plant atmospheric tritium concentration
at an acceptable level for the DT plants; the steady state trittum concentration in
- the atmospheres of the advanced fuel reactor halls 1s low enough without the use of
a detritiation unit to permit access of unprotected personnel.

There appears to be no great advantage in terms of blanket activation uith
the advanced fuels for the materials considered in this study. These conclusions
are a reflection of the material used and cannot be regarded as a generalization.
Because of the large volume of structure used, activity and afterheat levels in the
DD blankets exceed that in the DT blankets. The levels found in the DHe blanket
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are lower than both DT and DD, but are still of significance. Since equal volume
fractions of structural material are found in the first walls, activity and afterheat
levels are greater for DT. This reflects the high neutron energy and greater fluz
intensity associated with the DT designs. Higher levels of activity are seen at higher
values of beta for a given fuel cycle. None of the wastes produced at the fusion
plants qualifies for shallow land burial, although material modifications may allow
the criteria to be met. Waste from the DD plants poses the greatest threat, while
that from the DHe plant is least hazardous. Gamma dose rates encountered by plant
workers are greatest for the DT fuel cycle. Steam generator dose rates dominate the
occupational erposures.

The use of an alternate blanket, consisting of a reduced activation ferritic steel
(RAF) first wall and an Fe2CriV alloy blanket, for the 10 % beta DD design,
reduces the COE from 94 mills/kWh (with an HT-9 blanket) to 85 mills/kWh.
The savings is due to a higher blanket multiplication factor, resulting in a smaller
reactor size, and a lower cost blanket material. The safety analysis for normal plant
conditions revealed that this alternate blanket results in similar levels of short lived
species (compared to HT-9), but leads to a significant reduction in long lived isotopes.
Shutdown decay heat levels are similar for both blanket materials. No reduction in
occupational exposures is expected with the RAF/Fe2Cr1V’ blanket compared to the
HT-9 cose. However, the alternate blanket does considerably reduce waste disposal
hazards.

Investigation of a loss of coolant accident (LOCA) for the HT-9 designs indi-
cated that the DHe fuel cycle presents the least risk. Little difference 1s seen in the
total onsite dose incurred subsequent to the accident for the DT and DD fuel cycles.
The largest economic impact of the LOCA results for the DD fuel cycle, mainly as a
consequence of the greater repair costs. Offsite impacts of this accident are minimal
in all cases.

A methodology for cost/benefit analysis is applied to determine if the increased
costs of the alternate HT-9 designs relative to the 20 % beta DT case are justified
by the improved safety which they provide. Normal conditions and the health and
economic risks posed by a loss of coolant accident are considered. It is revealed that,
of the HT-9 designs considered in this study, only the 10 % beta DT design is cost
effective. A rough assessment of the cost effectiveness of the DD and DHe designs
using an unspecified, very low cost, very low activation blanket and shield material
still indicated that use of the advanced fuels is unjustified. This conclusion may
be altered, however, if consideration is given to cost reductions during construction
of the advanced fuel plants due to application of less costly practices employed in
non-nuclear power plants.
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|

Summary, Conclusions and Recommendations

The aim of this study was to compare, on an equal basis, the safety and eco-
nomic characteristics .of the DT, DD and DHe fusion fuel cycles. Representative
designs were established based on vconsistent desigﬁ criteria using only modest ex-
trapolations of present day technologies. An economic analysis of these designs was
performed within a consistent framework, with some flexibility in areas where the
fuel cycles differed so that an accurate determination of the cost of electricity could
be made. Safety analyses were perf;)rméd to evaluate tritium inventories, routine
tritium releases, inventories of activation products and the level of hazard associ-
ated with plant wastes. The annual dose incurred by plant workers was estimated
for all fuel cycles. The impact of the use of an alternate blanket material on the
economics and safety during normal conditions of the DD fuel cycle was examined.
A loss of coolant accident (LOCA) was investigated to determine the relative safety
and economic impact of this event for the various fuel cycles for designs employing
the same structural material. Finally, a cost/benefit analysis was performed to as-
sess the cost effectiveness of the alternate designé and to determine if the increased
costs associated with these designs is justified by the improved safety which they
provide. A summary of the findings and conclusions from the study are discussed

in the next section. This is followed by recommendations for future work.
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Summary and Conclusions

The representative reactors on which the safety and economic comparison was
based were pulsed superconducting tokamaks. The DT designs employed a lithium
breeder for tfiéum ;“)rodu”ction with HT-9 structure and heiium coolant. The blan-
kets of the DD and DHe reactors were designed for energy multiplication and uti-
lized HT-9 structure with helium coolant. An alternate DD design which employed
a reduced activation ferritic steel (RAF) first wall and Fe2Cr1V alloy blanket with
helium coolant was also studied. The advanced fuel reactors are larger than their
DT counterparts because of the lower fusion power density associated with these
fuel cycles. Although the designs all produced a thermal power of 4000 MW, the
power produced by fusion in the plasma was not the same in each 'casé. The DD
reactors show a larger total gain in energy from neutron interactions in the blan-
ket. This reflects the blanket material, the neutron energy spectrum and the total
number of neutrons entering the blanket. The DT designs have the greatest blan-
ket /shield thickness due to the greater quantity and higher energy of the fusion
neutrons. Designs were developed for a range of values of plasma beta, assuming
first stability scaling laws. As beta was increased, the reactor size decreased but
the wall loading increased. This was found to have an important effect on reactor

economics.

The fuel handling systems were characterized for the various fuel cycles. The
blanket tritium recovery system and coolant tritium removal capabilities are needed
only for the DT fuel cycle. Other fuel handling components, including the vacuum
system, impurity removal system, isotope separation systems, storage facilities, fuel
delivery system, tritium waste treatment system and atmospheric tritium recovery
system are needed at the advanced fuel plants because a circulating tritium inven-
tory exists. Some of these components, however, may Bé scale'd"down from those
needed for the DT fuel cycle because of the lower tritium throughput. Others, such

as the vacuum system, are larger for the advanced fuels because of the more severe
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plasma purity requirements. The hydrogen isotope separation systems do not dif-

fer greatly amongst the fuel cycles. A third column for the advanced fuels is only
needed during and shortly after pulse initiation, since tritium is being fueled at
this time and the plasma exhaust will contain a highef tritium concentration which
must be reduced before discharge to the environment. Helium isotope separation
capabilities are greatest for the DHe fuel cycle. Since *He is present in the plasma
exhaust from the DT reactor chamber in very small quantities, no helium isotope
.separation equipment is needed for this fuel cycle. Other components of the fuel
cycle systems are not expected to be ]argelyy different amongst the fuel cycles. No

difference in equipment needs is seen for the different values of beta for a gi\’en fuel

cycle.

The economic comparison was founded on the projected cost of electricity
(COE) for each fuel cycle. The COE was determined from the plant capital cost, the
operating and fuel costs, the plant capacity factor, the plant lifetime and financing
parameters. The costing géneral]y followed a standard set of accounts. Assump-
tions included a six year construction time, 30 year plant lifetime and 6 % inflation
for current dollar calculations. Results of thg economic analysis indicated that the .
advanced fuels are at a clear economic disadvantage with respect to 'thc; D:T fuel
cycle. The COE in 1986 dollars obtained for the DT fuel ;:}'cle was 57 mills/kWh
(at 10 % and 20 % beta). At best, the DD fuel cycle produced electricity at'a cost
of 85 mills/kWh (48 % greater than for DT). This occurred for the 20 % beta HT-9 .
design and for the 10 % beta RAF/Fe2Cr1V design. Both of these tokamaks were
smaller as a result of the higher power density in the 20 % beta HT-9 case, and as
a result of the higher blanket multiplication factor in the 10 % beta R.;\F /Fe2Cr1V
case.. The cost of electricity produced by the DHe fuel cycle was 79 mills/kWh at
10 % beta (38 % greafer than for DT), witﬁ a cost of helium-3 of 40 k$/kg. The
COE will be higher if the cost of helium-3 fuel is mu.ch greater than this. It should

‘be noted that these costs are for pulsed systems, which are more costly than steady

state systems because of the large investment required for the thermal storage sys-
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tem and greater poloidal field magnet costs. Ith was estimated that the pulsed burn
mode adds 8 to 10’ mills/kWh'to the COE compared to that for a steady state

| system.

Several parametric studies were performed for DT fuel cycle. It was revealed

that for the designs considered in this work (Li/He/HT-9, aspect ratio of 4, elonga-

tion of 2.5, 4000 MWt) there is no economic incentive for pursuing values of plasma
beta above 10 %. This optimum results from the competition between decreasing
costs due to a smaller reactor versus the increasing costs due to more frequent com-
ponent replacement as beta is increased. It was found that for 10 % be.ta‘, a high
aspect ratio and an elongation of 2.0 are desirable. The COE for DT was found to
be linearly dependent on the cost of shielding, and almost unaffected by the cost
of deuterium fuel. A fairly strong dependence of the COE on the mass utilization
factor (%?) was seen. The fusion island mass of a 4000 MWt plant must be in the
area of 10,000 tonne, and the fusion island volume must be on the order of 3,000 m?3
in order for DT tokamaks employing conventional power conversion systems to be
competitive with fission. The neutron fluence limit was seen to have a large impact
on the COE up to values of ~ 15 —-———L. Above this value, the decrease in the

COE per unit increase in fluence limit is not large.

Higher beta appears to have a greater impact on reducing the COE for the
DD fuel cycle than for DT. However; the unit reduction in cost per unit increase
in beta becomes small beyond a beta of 10 - 15 %. This is again a conseqﬁence
of the competing effects of decreasing costs due to smaller component sizes and
increasing costs due to more frequent replacement at high beta. To minimize the
COE for DD reactors, a moderate value of beta (10 - 15 %), a high aspect ratio
and elongation of 2.0 to 2.5 should be sought. A longer blanket lifetime is more
important for this fuel cycle because the larger reactor components resuli in more

costly blanket changeouts. Varying the fluence limit showed that no impact on the

COE is felt beyond a value of ~ 12 M%ZE The use of a material having a higher

blanket multiplication factor (Fe?Cer vs HT-9) resulted in an improved COE. This
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is dug to the lower fusion power, and hence smaller and less costly reactor, required
to‘produce 4000 MWt. The lower unit cost of the blanket material (20 §/kg for
Fe2Cr1V vs 50 $/kg) also contributes to the reduction in the COE. The mass and
volume of the least costly DD designs (20 % beta HT-9 and 10 % RAF/Fe2Cr1V)

were seen to be far too large to result in a competitive COE.

The DHe fuel cycle was found to produce electricity at a cost lower than for
DD, but still signiﬁcantly above that for DT. An important factor in determining
the COE for this fuel cycle is the cost of fuel. An increase of 7 mills/kWh in the

COE was seen as the cost of helium-3 was increased from 40 k3/kg to 500 k$/kg.

A major concern is the availability of fuel to supply an economy dependent on this
fuel cycle. Terrestrial reserves may be sufficient to support an experimental research
program, but would be insufficient to support a mature fusion economy based on
this fuel cycle. The lunar soil has been identified as a potential source of helium-3.
However, the feasibility of mining and transporting this helium-3 back to earth has

not been determined at this time.

A recategorization of costs from the standard accounts allowed for a direct com-
parison of costs directly assqciatéd with the fuel cycle. Fuel cycle costs included
initial and replacement first wall/blanket, limiter and auxiliary heating costs, mis-
cellaneous scheduled replaceable items costs, fuel costs and waste handling costs.

These were seen to be similar for DT and DHe, both being much below the costs

for DD. The greater cost for DD is mainly a consequence of the larger volume of

materials use for components compared to DT, and the greater replacement fre-
quency corripared to DHe. These costs are somewhat lower for the RAF/Fe2Cr1V
DD design (comparéd to the HT-9 DD design) due both to the smaller blanket and
the lower unit cost of the blanket material. The contribution of fuel costs to the

fuel cycle costs are greatest for DHe; thé contribution of waste handling costs are

" least for this fuel cycle. This reflects the reduced volume and activity of the wastes

to be handled.
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An advantage of using an advanced fuel is that there is no need to breed
tritium. This is a "fr"xajor‘ difficulty for DT reactors which strive to achieve a tritium
breeding ratio of one. This constraint is alleviated for the advanced fuels, giving
more flexibility in the blanket design. However, for the designs considered here,
the advanced fuels have more costly blankets and produce energy more expensively
despite the elimination of tritium breeding and the potential for enhanced neutron
energy multiplication. The absence of a lithium compound and breeder tritium
extraction equipment do not result in a great cost reduction for the DD and DHe fuel
cycles. To provide for plasina exhausf purification, tritium handling and hydrogen
isotope separation equipment is still required, although on a smaller scale than for
DT. Some cost savings is seen, but these are largely overshadowed by the much
larger expense associated with the advanced fuel blankets and other components of

the fusion island.

An economic benefit of the lower occupational hazards of the DD and DHe
fuel cycles is 'seen in the improved plant capacity factor experienced with these
fuel cycles. Lower tritium inventories and release rates allow workers to perform
tasks unencumbered by bubble suits, as they would be performing the same tasks
at a DT plént. The reduced gamma dose rates at various locations throughout
the plant for the DD fuel cycle, and especially for the DHe fuel cycle, 'allow for
contact maintenance in areas where the same task would be performed remotely at
a DT plant. This results in substantial savings in downtime. After consideration
of these effects, improved plant capacity factors of 69 % for DD and 72 % for DHe,
compared to 65 % for DT, were found. This partially offsets the increased costs
for the advanced fuel cycles seen in other areas, but does not have a strong enough

impact to render the advanced fuels economically competitive.

The DT fuel cycle is superior in terms of material and volume utilization per
unit power produced. It also requires much less magnetic energy for power pro-
duction. The DT fusion island is less capital intensive, but has a greater need for

component replacement as reflected through the wall loading. Nevertheless, the
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economics of the DT fuel cycle are far more attractive than that of the advanced

fuels.-

Although the advanced fuels are at an economic disadvantage with respect

to DT, they hla\-',e a clear advantage over the DT fuel cycle in terms of tritium

‘hazard. The tritium circulating throughout the plant, tritium inventories in plant

components, tritium release rates from these components and tritium exposures

- incurred during maintenance activities are all significantly reduced for the DD and

DHe fuel cycles.

The tritium exhausted from the DD and DHe reactor chambers is over two
orders of mdgnitude lower than for DT. This is a consequence of reduced tritium
fueling and the higher fractional burnup of tritium for the advanced fuels due to their
higher operating temperatures. This is important because the tritium inventories
established throughout the plant are largely dependent on the tritium exhaust rate

from the plasma.

Reductions in tritium inventories for the advanced fuels relative to DT are

found at all locations in the fuel cycle. The first wall tritium inventory is reduced

~ by two orders of magnitude; the tritium retained in the blanket structure is reduced.

by three orders of magnitude. A large reduction in the quantity of tritium found in
the cryopumps and fuelers is seen for thé advanced fuels. Although the amount of
tr'itiu‘m found in the coolant is small for all fuel cycles, the two orders of magnitude
reduction for the DD and DHe fuel cycles is significant because permeation of tritium
into the steam cycle and subsequent leakage from this system is a major tritium
pathway to the environment. Concerns associated with tritium in the breeding
blanket and blanket processing systems are completely eliminated for the advanced
fuels. The total vulnerable tritium inventory is réduced by over a factor of twenty
for the DD and DHe fuel cycleé compared to DT. The total inventory at the site,
including both vulnerable and non-vulnerable forms, is reduced By néarly two orders

of magnitude for DD and DHe. The tritium throughput and resultant tritium
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inventories t};roughout the DHe plant are very near to that for the DD plant. The
plasma exhaust rate on which thetrltmmmventory is largely dependent, is based
on the tolerable level of alvpha ash in the plasma. The higher formation rate of
alpha ash in the plasma of a DHe reactor requires a greater plasma exhaust rate
to maintain the ash concentration at an acceptable level. This results in relatively
high recirculation rates of all species and a higher tritium inventory throughout the

plant than would be expected from the tritium concentration in the DHe plasma.

Upon examination of the distribution of the tritium inventory throughout the
plant, it was shown that the tritium inventory in the DT blanket and blanket
processing system is somewhat less than that in the exhaust processing system and
much smaller than that in storage. Tritium breeding and blanket processing are not
the major contributors to the plant tritium ixiyentory. It is the need for tritium as a
component of the fuel, and the relatively high tritium concentration in the exhaust
whicﬁ leads to the higher tritium inventories. For the advanced fuels, the bulk of the
inventory is also located in the exhaust processihg systems. However, this is much
reduced relative to DT so that the advanced fuels are much more desirable from a
tritium handling viewpoint. The elimination of the tritium breeding function for
the advanced fuels does not eliminate the need for tritium handling equipment such
as cryopumps, molecular sieves, cryogenic distillation columns and fuelers. These

components are required whether or not tritium is bred, although on a smaller scale

than for DT.

The occupational tritium hazard and tritium releases to the environment are
dependent upon the releases to the reactor building during normal operation and’
maintenance. The average tritium source term is reduced by two orders of mag-
nitude for the advanced fuels. As a consequence of this, the steady state tritium
concentration in the reactor hall is low enough that unprotected personnel access is
permitted, and the building atmosphere can be directly vented to the environment
without processing. Emergency tritium removal capabilities were assessed based

on the release of the maximum vulnerable tritium inventory. This was located in
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the blanket processing system for the DT reacters, and in the cryopumps for the
advan;ed fuels. Eight units would be needed to reduce the tritium concentration
to 500 uCi/m? within 48 hours for the DT designs; four units would accomplish
this objective for the advanced fuel.. A single unit would be used during normal
operation at the DT plants. The others would be on standby for off normal events. |

This would be the case for all units found at the DD and DHe plants.

Tritiated wastes are significantly reduced for the advanced fuels, as would be
expected from their lower tritium inventories. This results in reduced exposures
during waste handling. Some cost savings also results for these activities for the

advanced fuels because of the lower volume and activity of the wastes being handled.

| The HT-9 DD and DHe designs considered in this work showed no distinct
advantage in terms of induced radioactivity hazard over the DT fuel cycle. A
considerable reduction in long term concerns resulted with the RAF /Fe2Cr1V DD
design compared to the HT-9 design. A similar reduction in long term hazards |

would also be expected with this materials change for the other fuel cycles.

‘The higher energy neutrons and greater flux intensity associated with the DT
designs lead to a greater concentration of radionuclides in their first walls. With
the increase in flux at hi‘gh beta, activity -concentrations are greatest for these
designs. The design presenting the most concentrated first wall activify level is the
20 % beta DT design. Short lived species dominate at shutdown in all cases. The
relative contribution of these short lived isotopes to the total shutdown activity is
greatest for DT. Long lived isotopes are present in equal or greater amounts in the
HT-9 DD first walls compared to the DT first walls. This is not the case for the DD
design with an RAF first wall where a reduction of nearly four orders of magnitude
is seen in the long lived species compared to the HT-9 first wall. The DHe first wall
contains a non-negligible amount of long lived species. This is both a consequence
of the softer neutron spectrum characteristic of the advanced fuels and of the longer

blanket lifetime. As would be expected from the higher level of activity associated
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with the DT designs, decay héating levels in tile first wall at shutdown are greatest |
for this fuel cycle.” S

The bulk of the blanket presents a slightly different situation than does the
first wall. The average blénket activity xs lower than the first wall activity for
the DT designs because of the reduced amount of HT-9 structure located here.
The case is reversed for the advanced fuels, where the volume fraction of steel is
much greater in the blanket and the resulting activity levels are higher than in
the first wall. The activity concentrations and decay heat levels are greatest for
the 20 % beta DD design. As with the first wall, short lived species dominate the
shutdown activiiy of the blanket. Both short and long lived species are present
in greater quantities for the DD and DHe fuel cycles. This may be surprising,
especially for the DHe fuel cycle. It strongfy suggests using a lower activation
material in the blanket, or employing boron to capture neutrons in the DHe case,
where useful energy multiplication is not crutial. The use of a Fe2Cr1V blanket,
with a reduced nickel and molybdenum content, showed reduced levels of long lived
isotopes compared to the HT-9 DD case, but resulted in higher levels than the DT
case (due to the higher fraction of structure in the DD blanket). These levels would
likely fall below the DT HT-9 levels if RAF was used in the blanket (RAF has
an even lower nickel and molybdenum content, so that long lived species would be

produced in smaller amounts). This, however, would come at a cost penalty.

Dose rates encountered by plant workers dﬁring normal operation were found
to be highest for the DT fuel cycle. Steam generator doses, followed by those
incurred during blanket changeouts, dominate occupational exposures in all cases.
This suggests that doses incurred during maintenance could be significantly reduced

by the use of a lower activation material. The RAF first wall/Fe2Cr1V blanket DD
design resulted in slightly higher doses to plant workers because of slightly higher

levels of short lived species compared to the HT-9 case. An additional hazard also
exists for the DT fuel cycle, during processing of the breeder material. However,

the dose incurred while carrying out breeder processing tasks is not large relative
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to doses resUiting from other maintenance activities. Offsite impacts of induced
radioactivity are expected to be negligible for all fuel cycles. Routine releases of
aqueous effluents and releases of activated atmospheric gases are expected to be low.
The hazard presented to the public from induced activity under normal conditions

was not evaluated, but is expected to be small for all fuel cycles.

‘None of the wastes produced at the fusion plants qualifies for shallow land
burial. The advantage of the RAF/Fe2Cr1V design is ‘seeln in the reduced levels of
long lived isotopes. Howexﬁer, shallow land burial is not possible since the disposal
limit wéé still exceeded u:ith this material. Shallow land burial may be possible if the
blanket had been made entirely of RAF. The economic penalty of using this more
expensive blanket material (compared to Fe2Cr1V) may be offset by the savings in
waste disposal costs. This would be true for all fuel cycles. Because the quantities of
long lived species are greatest for the HT-9 DD designs, it poses the greatest waste

disposal hazard. Blanket wastes from the DHe design still pose a waste disposal

~ threat. These conclusions should be regarded with caution since they are dependent

on the material used.

The effect of plasma beta on plant safety is more evident in terms of component
activation than tritium hazard. Very little difference was seen in tritium inventories,
release rates and occupational exposures for a given fuel cycle at various values of
Eeta. Hazards due to material activation and waste handling were seen to increase
with plasma beta. This is a consequence of the decreased reactor size, resulting in
a higher first wall flux and greater activity concentration. Because doses incurred
at the advanced fuel plants are almost exclusivély due to exposure to gamma fields,

high beta designs for these fuel cycles are less desirable from a safety standpoint.

The advanced fuels appear to have greater quantities of stored energy in their
reactor systems and hence, a greater potential for release of radioactive material.
This is largely a consequence of the greater magnetic fields énd the higher operating

temperature associated with these fuel cycles. The DD fuel cycle has the greatest
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quantity of stored energy in the form of deca.y heat, for the blanket material used
here (HT-9). This is a result’"‘:"‘d‘f"fﬁ"é’g'Iéfééf amount of structural material relative
to DT and the higher neutron flux relative to DHe. An additional source of stored
energy ex‘ists in the lithium blankets of the DT designs. The chemical energy which
could be released upon burning lithium presents a potential concern for this fuel
cycle. The magnitude of this source of stored energy is comparable to that stored

as kinetic and magnetic energy in the advanced fuel plasmas.

To evaluate the impact of a potential accident, a loss of coolant accident was
investigated. The scenario envisioned was a complete loss of coolant to all modules
with a simultaneous breach of the vacuum vessel. This would allow ingress of air,
resulting in oxidation and volatilization of radioactive species. In terms of overall

impact of the accident, the DHe fuel cycle presents the least hazard. The temper-

“ature achieved during the transient was the least for this fuel cycle. Although the

relative amounts of the different nuclides released are different, the total amount
volatilized is nearly the same for DT and DD. The total activity released for these
cases is over three orders of magnitude higher than for the DHe fuel cycle, but
significantly less than that released during the accident at Three Mile Island. The
impact of this accident was not evaluated for the RAF/Fe2Cr1V DD design. How-
ever, a similar first'wall temperature response to the HT-9 case would be expected
due to the similar levels of ishort lived species. It would be expected that similar

quantities of the isotopes cc%mtributing most to the dose would be released so that

% .
. the impact of this accident would not be largely different between the two materials

considered. |

Because of the very small radioactive release for the DHe fuel cycle, decontam-
ination was not required after the accident. The clean up effort was greatest for the
high beta DT and DD designs. They required a longer duration decontamination
program because of the greater amount of material mobilized, and resulted in a
greater occupational exposure. It was determined that the structural damage frém

the accident would be limited to the single breached module. Repair then involved
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the replacement of a single module in all cases. Doses during repair were found
to be higher for the low beta cases, mainly because of the longer time required to

replace the larger modules.

Little difference is seen in the total oﬁsit’e dose incurred subséquen.t to the
accident for the DT and DD fuel cycles. There is a sigﬁiﬁcant' reduction in the
onsite dose incurred for the DHe fuel cycle. The doses are slightly greater for the
high beta designs, although the variation over the range of betas examined is less
than 20 % for both the DT and DD fuel cycles. Offsite doses are small in all cases.
However, the offsite impact is least for thé DHe fuel cyc]le.r It should be stressed
that the impact of this accident is minimal. The chronic dose at the site boundary
for the worst case just exceeds the limiting annual dose for a member of the general
public. If this scenario is representative of a design Base accident, the minimal

offsite impact may allow less restrictive codes to be employed for construction.

The economic impact of the accident appears to be greatest for the DD fuel
cycle. This is largely due to the replacement component costs. Replacement power

costs are also a significant contributor to the accident costs. These are fairly similar

for the DT and DD des;lgns at a given value of beta. This cost is somewhat lower

for DHe because there is no need for a decontamination program and the outage
duration is somewhat reduced. The economic benefit of the lower accident hazard

associated with the DHe design is clear.

A cost/benefit analysis was carried out to determine if the increased costs as-
sociated with the alternate designs were justified by the improved safety which they
provided. The analysis was perfofmed relative to the 20 % beta DT case, the de-
sign which results in the lo;vest COE and the highest exposures. "A cost/benefit
expenditure ceiling was evaluated which included an allowance for spending!to im-
prove plant safety under normal conditions and accident conditions, as well as an
allowance to provide some prétection for the utility’s financial investment in the

plant. Spending limits ranged from 5.07 Wﬁm, where no consideration was
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where some protection was provided

given to financial risk, to 11.4 \““*"“i———_lw men—rem?

for the entire capxtal mvestment When consxderatxon is given only to normal con-

ditions, the spending limit was found to be 4.79 A cost/benefit figure

KTWoman—rem"
of merit was evaluated for each alternate design. This figure of merit considered
normal operation costs (COE) and doses incurred during normal operation, mainte-
nance and waste handling activities. For the HT-9 designs, costs and doses resulting
from the loss of coolant accident were also included. The results showed that for the
designs considered in this work, only the 10 % beta DT design is cost effective. The
main reason why the other designs are not cost effectivé stems from their higher
COE’s. If the COE of the alternate designs can be reduced, they may then approach
the region of cost effectiveness. Note that this conclusion would still apply if only
normal operation had been considered for the HT-9 designs. However, it may not
be the case if rﬁore accident scenarios had been examined. Other accidents may
result in a lower economic impact relative to the high beta DT design in addition to

some dose savings. This would lower the cost/benefit figure of merit, and perhaps

would render some of the other designs cost effective.

Examining the results of the cost/benefit analysis for the DT fuel cycle alone,
' previoué indications of an optimum value of plasma beta of 10 % are confirmed.
Based on the outcome of the safety/economic tradeoffs, determined by the cost /benefit
analysis, a plasma beta of 10 % is most cost effective. This result is also seen for
the DD fuel cycle. The 10 % beta case results in the lowest cost/breneﬁt figure of
merit of the three DD designs- considered. A value of plasma beta of 10 % is also

most cost effective for the DD fuel cycle for the designs considered here.

A rough estimate of the cost effectiveness of the advanced fuel designs using a
low cost, low activation blanket material was made. Assuming a cost of 10 $/kg,
no operational gamma doses to workers, and no accident health impacts, it was
still found that the advanced fuel designs were not cost effective. It appears that
the safety advantages potentially available with the advanced fuel designs cannot

overcome their economic disadvantage. The low cost, low activation case was not

.,
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examined for the DT fuel cycle. However, it is expected that designs with both 10%

and 20% beta would be cost eflective relative to the base case design.

Including the effects of potential financial losses in deterrrﬁning the expendit’ure
ceiling did not affect the outcome of this study. However, it is important that this
aspect of the accident consequences be considered. The contribution of the capital
investment loss to the economic impact of the accident studied here is significant.
With the potential for large financial losses, i£ would be wise to provide some

allowance for their protection.

The overall conclusion from this study is that a fusion plant utilizing the DT
fuel cycle with a plasma beta of 10 % is the most cost effective option of the
alternatives considered here. This conclusion applies to the designs studied in this
work and should not be taken as a generalization. Optimized designs using different

materials and/or energy conversion systems may well lead to a different conclusion.
Recommendations for Future Work

The broad nature of this study uncovered many areas which require further

study. These will be highlighted in this section.

The designs compared in this study were based on a consistent set of crite-
ria such that the differences between each would solely bé a consequence of the
difference in the fuel cycle or the difference in plasma beta. Materials used and
plant systems which were not depend.ent on the fuel cycle, were the same for the
comparison amongst the fuel cvcles so that the impact of the change in fuel cycle
would be clearly seen. An alternate material was investigated for a single fuel cycle
(DD) to determine thé impact of such a change. Knowing the relative positions of
the fuel cycles with respect to safety and economics, it may now be useful to carry

out the analysis with the optimized designs for all fuel cycles. This would involve a
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substantial amount of design work and consideration of potential tradeoffs.

A rough assessment of the cost effectiveness of the advanced fuel designs using a
low cost, low activation material was made. It may be appropriate to more carefully'
examine the use of such a material. The HT-9 structure was chosen for the compar-
ison amongst the fuel cycles in this work so as not to introduce a materials variation
into the analysis. As the results indicated here, this lead to considerable activity
in the advanced fuel blankets, impacting occupational hazards, waste disposal con-
cerns and accident consequences. However, in choosing a material, the purpose of
the blanket as an energv multiplication medium must be kept in mind. The DD
reactors illustrated the advantége of high energy gain in the blanket in that smaller
reactors producing less fusion power were needed to produce the same amount of
thermal power from the plant. The DD reactors also illustrated the safety disad-
vantages resulting from a high level of activity in the blanket. An alternate material
(reduced activation ferritic (RAF) first wall/Fe2Cr1V alloy blanket) was examined
for the DD fuel cvcle. This showed improved blanket multiplication and reduced
long term hazards, but the short term concerns were still present. A material less
subject to neutron activation, but still an effective energy multiplicatiAon medium
would be desirable. These may be opposing constraints, so that some tradeoffs will
be necessary in selecting the most appropriate blanket material. The importance of
using a low cost material must also be given attention. Although utilizing a lower
activation material may result in some loss of blanket energy gain, this loss may
be offset by economic gains from reduced occupational hazards and waste disposal
issues. In fact, some materials may result in wastes qualifying for shallow land
burial which would likely lead to considerable savings. The challenge is then to find
a suitable low cost/low activation material. The RAF/Fe2Cr1V design showed a
reduction in cost and long term safety concerns, but a material which resulted in
lower short lived inventories would be more desirable. The cost/benefit approach
proposed in this work is well suited for application to problems such as this and it

may be useful to apply it to designs employing a vanadium alloy or ceramic (such
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as silicon carbide).

A more efficient energy conversion system could be employed to take advantage
of the ]arger‘ fraction of energy released as charged particles with the advanced fuels.
Use of direct conversion of charged particle energy or MHD conversion of radiated
energy, especially in the case of the DHe fuel cyvcle, may be a much more effective
way of obtaining the energy released in the plasma. An investigation into different
energy conversion options should be undertaken. The use of a more efficient energy
com'ersion: svstem in combination with a low cost, low activation blanket material
would take advantage of the safety benefits offered by the advanced fuel cycles

(especially DHe) and may render these designs costs effective.

It may be interesting to é:xplore different operating regimes for the DHe fuel
cycle. Operating at a higher temperature where the reactivity is greater may be
more economical. Furthermore, enriching the fuel to a larger fraction of helium-3
may improve the cost effectiveness of this fuel cycfe. A higher concentration of
helium-3 would suppress the neutron yielding DD side reactions, further improving

this fuel cycle’s standing in the safety arena.

The potential for high q, and hence low current operation in the second stability
regime at high beta is presently being investigated. Should operation in this mode
be realized, cost reductions can be expected. Lower current will impact magnet,
power'conditioni.ng and current drive (for steady state operation) costs. This will

be important for the advanced fuels.

A further area where recent strides have been made is in superconducting
magnet technology. Higher temperature superconductors will result in significant
reductions in magnet operating costs. This again would be of greater significance

for the advanced fuels, which utilize higher magnetic fields.

An additional aspect which was not considered here for the DHe design was

the possibility of reduced construction time. Since there is the potential for lower
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activation, the construction time ifray be reduced because of easier siting and li-
censing. Furthermore, the use of readily obtainable non-nuclear grade components
in many areas of the plant may avoid unnecessary delays during plant construction.

It may be worthwhile investigating this consideration.

The negative conclusion on advanced fuels may be changed if N-stamp con-
struction requirements are reduced. This could provide considerable savings in both
construction time and materials costs. Additional economic savings could be envi-

sioned if consideration was given to reduced safety systems costs for the advanced

fuels.

It may be enlightening to include additional accident scenarios. The loss of
coolant accident studied here represents only one of an entire spectrum of possible
offnormal events. Examining the impact of a several forced outages or small conse-
quence events, and the consequences of a more severe accident would provide more

evidence for the relative ranking of the fuel cycles in terms of safety and economics.
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Chapter 1

Introduction

Fusion’s ultimate acceptance as an energy source will depend on how success-
fully its potential safety and environmental advantages are utilized. More specifi-
cally, it will depend on whether achieving ambitious environmental and safety goals
in fusion reactors can be managed economically. Fusion studies to date have gen-
erally focussed on the DT fuel cycle because of its high energy release and high
reactivity at relatively low temperatures. While these factors seem significant at
this stage of fusion reactor development, the ultimate goal of advanced fuel cy-
cle opera‘,tion'cannot be ignored. If physics and technology issues do not preclude
their use, advanced fuel cycles may enhance fusion’s position in the area of safety.
Elimination of the need to breed tritium avoids having to deal with the hazards
of lithium or its compounds, and reduces radioactive gas handling and inventory.
These considerations, in addition to the potential for lower structural activation
due to a reduction in the high energy neutron ﬂﬁx, provide a strong impetué for
examining alternate fuels. However, there may be an economic penalty associated

with the use of such a scheme.

The DD fuel cycle is the advanced fuel cycle which has received the most
attention to date. In this study, the economics and safety of this advanced fuel cycle
will be examined and compared to that of the DT fuel cycle. Some investigation of
the DHe fuel cycle, in which interest has recently grown, will also be undertaken.
It is hoped that some conclusions regarding the cost eflectiveness of the advanced
fuel cycles relative to the DT fuel cycle will emerge..

R
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1.1 Fuel Cycles for Fusion Reactors.

Most efforts in the fusion community have been dévoted to the development of
the DT fuel cvcle. The large reaction cross séction at relatively lower temperatures
makes DT fuel the easiest of fusion fuels to ignite. Furthermore, the relatively large
energy release of the DT reaction provides the highest possible fusion power density.

The reaction between deuterium and tritium is given by:

D + T — *He (3.5 MeV) + n (14.1 MeV)

The acivanced fuel cycle which appears the most attractive for use in fusion
reactors is the DD fuel cycle since its ignition requirements are not vastly greater
than for the DT fuel cycle and are potentially achievable. DD fusion is advantageous
since deuterium, a naturally occurring and easily separable isotope of hydrogen, is
the only fuel required. Two possible reactions, the neutron branch and the proton
branch, take place with almost equal probability. The tritium produced in the
proton branch and the helium-3 formed from the neutron branch can also react
within the plasma. The sum of all these reactions form the catalvzed-deuterium or

cat-D fuel cycle:
D - D— T (1.01 MeV) =~ H (3.02 :\Ie\')
D — D — 3He (0.82 MeV') + n (2.45 MeV)
D ~ T— “He (3.5MeV) — n (14.1 MeV)
D — 3He — “%He (3.6 MeV) — H (14.7 MeV)

At sufficiently high temperatures, the four nuclear reactions shown above would
occur, with the two neutrons produced leaving the plasma and depositing their
energy elsewhere. From six reacting deuterons, the total energy release would be

43.2 MeV or 7.2 MeV per deuteron.
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The possibility of utilizing a cat-D-T mode of operation also exists 1.1, 1.2,
This mode operates in the regime between the DT and cat-D fuel cyvcles where
the DD and DT reactions occur simultancously in the p]asma.i The relative rates
at which these two reactions occur would be determined by the average num-
ber of tritons fed into the reactor. The cat-D-T mode of dperation may allevi-
ate some of the difficulties encountered with both the DT and cat-D fuel cycles
and may- be envisioned as an optimum fuel cycle. Feeding the plasma with ex-
ternally produced tritium can increase its average reac‘tivit}' and power density
relative to a cat-D plasma and may lead to a relaxation of the confinement re-
quirements of cat-D reactors. On the other hand, a simpler and possibly safer
and cheaper blanket design compared to DT may result from a reduction in the
number of tritons which must be produced per fusion neutron. A further alterna--
tive known as the semi-catalvzed deuterium (SCD) fuel cycle has also been given
some attention {1.1. In this case, all the tritium, but little of the helium-3 pro-
duced in the DD reactions, fuses in the plasma. If tritium produced by external
sources is also added to the p]asnﬁa, the fraction of the DT reactions occurring can
be increased, causing the plasma to be operated in the SCD-T mode. Since the
helium-3 reaction rate is low at moderate temperatures compared to DT, the use
of tritium to improve the plasma reactivity appears more effective than the use of

helium-3.

In the case of the DHe fuel cycle, the fourth reaction indicated above would
dominate. DD side reactions and the subsequent burning of tritium produced in

the proton branch of the DD fuel cvcle result in the DHe fuel cycle not being com-

pletely neutron free. However, undesirable neutron production can be minimized

by enriching the fuel in helium-3 and/or operating at a much higher temperature

where the DHe reaction cross section far exceeds the DD reaction cross section.

The advant’ages of the DHe fuel cvcle have been‘emphasized in previous work
[1.3, 1.4, 1.5-1.12). The high fraction of energy released as charged particles make

the use of direct conversion techniques attractive, providing the potential for more
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éfﬁcient energy recovery. The ,{na‘i&gé)’ﬁmagcs lie in the greatly reduced neutron
production, 1eading to decreased shxeldmg and 10#\'er material activation, and the
large amount of energy released in éharged particles, making more efficient energy
conversion schemes possible. However, there are several disadvantages associated
with this fuel cycle. The low power density, compared to DT, necessitates high mag-
netic fields or high beta. High beta would allow the magnetic field to be reduced,
leading to lower magnet costs and reduction of cyclotron radiation lossves. However,
the attainability of high beta is uncertain at this time. There is some concern about.
the relatively high heat fluxes impinging on the first wall of DHe reactors. These sur-
face heats loads may be tolerable, in light of the the low neutron fields [1.3, 1.4, 1.13]
which also exist. The use of materials with relatively high thermal conductivities
will further mitigate this issue because they will lead to lower temperature differen-
tials and thermal stresses {1.14}. The major shortcoming which has deterred research
efforts on this fuel cycle is the supply of fuel. The availability of helium-3 on earth
is limited. Sources are listed in table 1.1. The quantity available could supply an
experimental research program, but would be insufficient to support a mature fusion
economy based on the DHe fuel cycle. The idea of using DHe satellite reactors with
DT or DD reactors as generators of helium-3 has been the only suggestion up to this
point to circumvent the fuel supply problem [1.3, 1.7-1.9.. However, a recent study
[1.10 has identified the lunar soil as being a potentially large source of helium-3.
The moon has served as a collector of solar wind particles for more than four billion
vears. The helium nuclei in this wind impinge upon the lunar surface at a flux of
6 x 10'° particles/cm?- s, and the isotopic abundance of helium-3 is high (~ 480
“appm). It is estimated that the soil of the moon contains a million tonnes of helium-
3, enough to provide 10 GWe- yr of electrical power (in a 50 % efficient DHe fusion
reactor). Expressed in a different manner, the entire U.S. electrical consumption
in 1985 could‘ come from mining an area on the moon’s surface equivalent in area
to the size of Washington D.C. If it is possible to efficiently mine and transport
the helium-3 back to earth, then the major drawback of this fuel cycle would be

overcome.
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‘Table 1.1: Terrestrial Resources of Helium-3 [1.10]

Source

Isotopic ~ Cumulative  Production

Abundance Amount to  Rate Post

ik Year 2000 year 2000
(appm) (kg) (kg/yr)
U.S Stored Helium 02 29 -
» Reserves .
U.S Natural Gas 0.2 187 -
Wells
Volcanic Gases ~ 16 ' - 3
Atmosphére 1.4 . 4x10° -
Decay of T,:
DOE - > 134 1.3
CANDU Reactors - 10 2
- ~ 300 ~ 15

U.S. Weapons
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The probability of a reaction occurring is given by the reaction cross section.
Values for the reactions of interest here are shown in figure 1.1 (from reference
[1.16]). The DT curve exhibits a maximum at an energy of 110 keV. Below about
. 100 keV, the total DD cross section is roughly 100 times smaller than the DT cross
section. The DHe cross section in this same energy range is léss than the DD
value and much below the DT value. However; the DHe cross section is a rapidly
increasing function of energy and exceeds the DD cross section above 120 keV. The
DD curve gives the sum of the cross sections for the two DD reactions. Up to
deuteron energies of 120 keV, the value for each individual reaction may be taken

as half the total.

The rate of a particular reaction is reflected by the value of the reaction rate
parameter (ov), which is simply the reaction cross sectién averaged over the particle
velocity distribution. Often a maxwellian velocity distribution is assumed. Integra-
tion of the cross sections of figure 1.1 over a maxwellian distribution of velocities
leads to the results shown in figure 1.2 (also taken from reference [1.16]). The peak
of the DT curve occurs at roughly 70 keV. The DD and DHe curves peak at much
higher temperatures. The reaction rate parameter, along with the energy released
per interaction, is important in detérmining fusion power density. Since both of
these factors are reduced for the DD reactions compared to the DT reaction, the
fusion power density for a DD reactor would be somewhat lower than that for a
DT reactor. Hence, to obtain the same total power output, a DD reactor would
have to be larger if other factors affecting power output remain fixed. This results
in an economic penalty due to the greater materials needs of a larger reactor, but
may provide the benefit of lower specific activation. Although the DHe reactivity
is lower than DT, the energy yield for this reaction is large (18.3 MeV compared to
3.6 MeV on average for DD, and 17.6 MeV for DT). Above about 22 keV, the DHe
reactivity exceeds that of the DD reaction. Thus, for the same fusion power, the
DHe reactor would be smaller than it$ DD counterpart, but still somewhat larger

than its DT counterpart.
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The lox;:er reactivity of the advanced fuels could be partially compensated for
by operating at a higher temperature. This is technologically more difficult to
achieve and would result in larger radiative losses, requiring a correspondingly longer
energy confinement time [1.17]. Because of the higher ignition temperature, greater -
heating is required to achieve ignition in a DD or DHe reactor. This problem is not
insurmountable, howevgr, since it may be possible to minimize external heating by

igniting a DT plasma and allowing thermal runaway.

Energy losses are of greater concern for advanced fuel reactors. At temperatures

- above 10 keV, bremsstrahlung losses are insignificant compared to fusion power in

a DT reactor (Tid<®! .. = 4 keV). Bremsstrahlung losses become equivalent to the

1gn-—-
energy released from DD fusion at 36 keV (T;g;{lDD = 36keV, §§;‘_‘ cat—D = 25 keV)
and at 29 keV for DHe fusion (ng::-lDHe = 29 keV) [1.18]. Above this temperature,

fusion power produced exceeds bremsstrahlung power, but by less than an order of
magnitudé, so that these losses are significant in an advanced fuel system. In the

presence of high fields, cyclotron losses also become large..

The distribution of energy between charged particles and neutrdns is of im-
portance. Since charged particles can be confined in a mé.gnetic field, they will be
retained in the reaction region, while the neutrons will escape and liberate their -
energy in a different location. Thus, only the energy of the charged particles will
be available internally to compensate for energy losses and to sustain the reacting
plasma. In a thermonuclear reacting system consisting of deuterium alone, the two
DD reactions would occur at nearly equal rates, and the tritium formed in the
proton branch would then react, relatively rapidly, with deuterium. In this sys-
tem (semi-catalyzed DD), 8.3 MeV out of the total 24.9 MeV released, or about
33 %, would be carried by charged particles; the other 16.6 MeV of energy

(67 %) carried by neutrons, would be recoverable only as heat. In a reacting

'system consisting of an equal mixture of deuterium and helium-3, the majority

of reactions would result in no neutron pro'duction. However, the unavoidable DD

side reactions produce 2.45 MeV neutrons and tritons, which then react to pro-
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duce 14 MeV neutrons. The relatxve 1mportance of the DD side reactions and

the consequent neutron productlon dbepvend on the operating temperature. How-
ever, the fraction of energy carried by neutrons for the DHe fuel cycle is below
10 % at modest temperatures and can be as low as 1 - 2 % if high temperatures
and helium~3 rich fuel are utilized. The higher fraction of energy carrieci by charge
particles imply high surface particle and radiation loads for advanced fuel reactors.
Countering this, neutron damage and activation in a DT reactor would be more

_ severe due to the greater number of high energy neutrons.

1.2 Design Considerations For Advanced Fuel Reactors

The design of an advanced fuel reactor involves the consideration of many
factors. These include reduced high energy neutron production, increased fusion
energy carried by charged particles and the elimination of the need for tritium
breeding. The contribution of a iower reaction cross section, higher required plasma
temperature and increased radiation losses make efficient confinement more difficult.
Thus, advanced fuel cycles provide simplification in some reactor design aspecfs, but

lead to greater complexities in other areas.

Upon considering technology issues for various fuel cycles, neutron yield is of
prime importance. In the DT cycle, approximately 80 % of the power is given to
the neutrons. In the cat-D cycle, the neutrons carry away roughly 40 % of the total
power, while less than 10 % of the energy resides with the neutrons for the DHe fuel
cycie. This impacts the design of the first wall 'blanket and shielding requirements.
Lower neutronic heating puts a less severe demand on the blanket heat transport
system. The smaller number of energetic neutrons per unit area impinging on the
first wall reduces damage and lengthens the first wall and blanket lifetime. An
assessment by Baxter et al. [1.19] indicated that the first wall and blanket lifetime

would be four to five times longer for a DD tokamak compared to a DT tokamak.
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This situation would be even fnore favorable for the DHe tokamak, and lifetime
blankets may even be possible. Furthermore, maintenance and réplacement opera-
tions for a DHe device may be more easily and quickly accomplished, resulting in
improved availability. However, the high surface heat loads présent a concern for
first wall materials and require an efficient heat removal system. The lower bulk
" neutron heating in the advanced fuel blanket necessitates the use of materials that
produce a high energy multiplication in order to improve the economic viability of
the system. Removing the need for tritium breeding in the advanced fuel designs
allows the system to be optimized for energy multiplication. Optimization can be
achieved by selecting materials with a high (n,y) reaction potentialvs’ince this type
of reaction generally releases a large amount of energy. Since the (n,y) cross sec-
tions generally decrease as neutron energy increases (o o %), energy multiplication
can be maximized if measures are taken to moderate the neutrons. However, care-

ful material selection is essential so that material activation and afterheat do not

present a major concern.

The higher fraction of energy carried by charged particles suggest alternate
approaches to energy conversion for the advanced fuel reactor. Direct conversion
of charged particle energy provides more efficient conversion from fusion to electric
power. If this option is not employed, elimination of the breeder function of the
blanket allows more freedom in materials choice so that, in the cas'c of the DD
reactor, which still has a relatively high neutron yield, the blanket can be designed
_ to-optimize energy gain. This will offset the lower fusion power density of the DD
reactor, allowing for a smaller reactor to produce the same total thermal pbwer.
Tn the case of the DHe fuel cycle, which has a relativeiy low neutron yield, clever
schemes of obtaining the radiative energy released, such as MHD conversion, may

be more efficient. This would alleviate concerns due to high surface wall loads.

In a previous study [1.20], a nuclear analysis was performed to identify the
impact on technology requirements of alternate fuels. It was found that cat-D

systems yield relatively high nuclear heating and atomic displacement rates when
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compared to DT systemsjhaving a.neutron wall load as much as twice as high.

However, the radiation damage due to gas production was found to be more se-

vere in DT systems since t%he associated damage cross sections have high threshold
energies. The reduced darhage in the DD reactor may lead to increased first wall
lifetime and improved plant maintenance capability. The study also assessed reac-
tor shielding requirements for the alternate cycles. For an epoxy-based insulator for
superconducting magnets with a limiting dose of 5 x 10° rad and a plant lifetime of
30 MW -yr/m?, about 1 m of shielding would be required for the cat-D cycle. With
the low neutron yield of the DHe fuel cycle, radiafion damage, induced activity and
shielding requirements are considerable reduced. Baker et al. [1.20] estimated a
shielding thickness of 0.7 m for this fuel cycle. A smaller blanket can also be used
since there will be little neutron heating and the radiative energy can be captured
in a relatively small thickness [1.7]. The smaller blanket/shield thickness reduces
materials costs and will also allow for smaller, less costly magnet structures. Ac-
cording to Baker et al. [1.20], the breeding blanket and shiela would be about
1.5 m thick for the DT cycle. The smaller th.ickness of the advanced fuel blankets
would allow for greater coupling between the magnet, other auxiliary sysl‘tex‘rfls and
the plasma. A thinner inboard shield would permit higher fields in the plasma and
thus would enhance its power density. Since the ‘thickne;ss of the outboard blan-
ket /shield is less criticai, this portion of the blanket could be designed to increase -

neutron multiplication.

An advanced fuel tokamak reactor will require toroidal magnetic fields and
plasma currents larger than those contemplated in design studies for DT tokamak
reactors. To initiate and sustain the larger plasma current, a larger flux swing in the
ohmic heating (OH) coil system will be required. This will necessitate a larger area
within the OH solenoid. The larger toroidal field will require thicker TF coils, with
a larger radius of curvature, demanding more support. The cost of these magnets
would be high. If such high fields were employed in DT designs, a higher power

density would result leading to shorter first wall and blanket lifetimes. Hence, the

e,
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high field option for DT reactors may not be beneficial.

To alleviate fatigue problems associated with pulsed operation, considerable

attention. has been given to steady state current drive. The STARFIRE reactor

[1.21] employs lower hybrid waves for steady state operation witﬁ DT fuel. The very
large toroidal current in an advanced fuel reactor makes the‘rf power prohibitive
for this type of current drive. The WILDCAT reactor design [1.22], which is the
DD counterpart to S.TARFIRE, employs the compressiohal alfven wave rf current
drive for steady state operation. Use of this mode presents a larger penalty in
térms of percentage of total plant output required for current drive power. This is
ﬁnfortunate, since the DD r.eactor has a highér fraction of the total wall load in the
form of charged particles and radiation which provides incentive to operate in the

steady state mode in order to prevent encroaching on heat load limitations.

 Another important parameter to be considered in fusion reactor studies is the

plasma beta. This parameter contains constraints imposed by both physics and

. technology. The value of beta can never exceed unity, since the plasma energy den-

sity cannot be larger than the magnetic energy density in a stable tokamak plasma.
However, the closer beta approaches unity, the more effectively the existing mag-
netic field is being utilized. It can be easily shown that the power density of a
fusion reactor scales with 3?B%. Since current designs employ magnetic fields of
14 - 15 T, which represent the uppef limit of current superconducting magnet tech-
nology, a larger total ;Sower output can be achieved with a higher value of beta. It
has been shown [1.23] that over the range of beta which is permitted by tokamak
stability considerations (0.02 ] 0.09), DT tokamaks have power densities ranging
from 0.6 MW/m3? to 5.0 M\V/m?’. It was also noted that the power density of
5.0 MW /m3 can be achieved in a cat-D tokamak at a value of beta of about 0.2.

Hence, if high beta can be achieved, the advanced fuel reactor should be competitive

with the DT tokamak on the basis of maximum achievable power density. Further-
more, this study indicated that if high beta fusion reactors become feasible, the DT

reaction loses its primary attraction of high reactivity, since wall loading limitations
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prevent this advantage from being fully exploited.

A further consideration for advanced fuel reactor designs is the maximum im-
purity concentration in the plasma that will permit ignition. The allowable concen-
tration decreases exponentially with the charge of the impure species. It has been
shown that a D'D reactor must be an order of magnitude cleaner than a DT reactor
[1.24]. The ash products to be removed from a DD reactor are protons and alphas,
compared to only alphas for DT. Since protons charge exchange, they are more:
difficult to remove. However, since the average mass of a DD plasma is lower than
the average mass of a DT plasma, sputtering of the boundary coating is somewhat
less of a problem for a DD reactor. This is an advantage since it alleviates, to a
degree, the more stringent requirements on the impurity control system needed to
ensure a cleaner plasma. In the DHe plasma, almost as much alpha ash is produced
as in a DT reactor. However, because of the need for a much cleaner plasma for this
system (to minimize radiative losses at the higher operating temperature), demands

on the impurity removal system are greater than for DT.

1.3 Safety and Economic Considerations

A viable reactor system would produce sufficient fusion power to overcome
plasma losses, supply enough electric power to operate the fusion.plant and have
a sufficient amount of net power available for sale so that the cost of building and
maintaining the plant are justified. Safety and environmental concerns must also be
considered when assessing the cost effectiveness of the fusion plant. A safety benefit
of erhploying the cat-D fuel cycle is the possibility of reduced structural activation
resulting from the decreased high energy neutron flux [1.25, 1.26]. Baxter et al.,
[1.19] have stated that the inventories of activated structural materials and activated
corrosion products are less for a DD tokamak than for a DT tokamak for short times

after shutdown (less than 10 years) since the inventory is dominated by short half-
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life radionuclides with an equilibrium inventory proportional to the neutron flux

(which is smaller for DD than for DT reactors). However, they also indicated that

Vfor the same total neutron fluence (15 MW .yr/m? for STARFIRE and 20 full power

vears for a DD tokamak operated at a thermal wall loading of 1 MW - yr/m?), the
long-lived radioactive inventories are approximately the same. Baker et ai.” 1.20]
have shown that the hazard associated with the induced radioactive inventorv of a
DHe device (as indicated by the BHP) is one to two orders of magnitude lowervthan
for a DD or DT device. For the same total power output, the specific afterheat of
DD and DHe reactors will be lower than’the DT design due to the decreased neutron
power, resulting in smaller radioactive inventories and the larger volume in which
thev are contained. The reduced specific activity also has beneficial implications
for waste disposal. There may also be a reduction in total waste volume dﬁe to
longer blanket lifetime. Further gains in alleviating waste diéposal concerns can be
achieved through the flexibility of the advanced fuel reactor blanket, allowing low

activation materials to be more easily accommodated.

The tritium inﬂ'entory in the advanced fuel reactor may be more than two orders
of magnitude lower than in a DT reactor. Systems for recovery and processing
of tritium from vacuum exhaust are still required for the DD and DHe reactors.
However, systems for recovery and containment of tritium in the blanket and heat
transport system are not needed. Consequences of tritium accidents would be much

less for the advanced fuel cycles compared to the DT cxcle.

Sources of stored energ\' pré\'ide a mechanism for the release»of radioactiv-
1ty. The advanced fuei reactors have greater plasma kinetic energy. For example,
WILDCAT has approximately 8300 MJ in plasma kinetic energy compared to ap-
proximately 900 MJ for STARFIRE [1.27!. Additionally, the DD and DHe reac-
tors have more energy stored in the magnets due to the higher fields used (e.g.
14.4 T for WILDCAT compared to 11 T for STARFIRE). Another source of stored
energy is decay heat. This is expected to be lower for the advanced fuel reactors

than for DT; blanket damage or melting would take much longer. Hazards associ-
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ated with the chemical reactivity of lithium and its compounds can be completely
avoided with the elimination of tritiut breeding in the advanced fuel designs. Over-

“all, it appears that advanced fuel tokamaks present a lesser risk than DT tokamaks.

1.4 Recent Decsign Studies

._Since the tokamak is the reactor concept currently closest to realization, toka-
mak reactors have been most studied. The most well known DT tokamak reactor
study is STARFIRE [1.21]. Some smaller scale studies have been performed for DD
reactors, the most well known of which is the WILDCAT study [1.22]. Even less
work has been performed for the DHe fuel cycle. The STARFIRE reactor was de-
signed with a relatively low plasma beta of 6.7 % and a magnetic field of 11 T. The
net electric power output of the STARFIRE reactor is 1200 MW. WILDCAT was
designed with a plasma beta of 11.5 %. A magnetic field of 14.4 T, which represents
the upper limit on superconducting magnet technology, was necessary to obtain a
favorable power balance. WILDCAT was designed to produce 810 MWe and the
cost was determined to be 62 mills/kWh. If the reactor is scaled up to a net power
production of 1200 MWe, as for STARFIRE, the COE drops to 44 mills/kWh [1.19].
This is only marginally above the COE for STARFIRE of 35 mills/kWh (1980 §8).
If beta is increased to 15 % in STARFIRE, and the maximum magnetic field is -
decreaseid from 11 to 7.5 T to maintain a constant fusion power density and piasma
size, the COE is onlfslightly reduced [1.25). It is apﬁarent, then, that the effects
of high beta operation are more strongly felt by DD reactors. If high beta can be

achieved, DD reactors may be more cost effective than DT reactors.

Another DD tokamak reactor assessment was performed by Science Applica-
tions; Inc {1.26,. Their study was based on a 1200 MWe DD reactor. Variations in
magnetic field, beta and reactor size were investigated. They determined that the

cost decrease per unit increase in beta is small for beta larger that 15 %, where the
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COE is roughly equual to 37 mills/kWh. Hence in agrcement with the WILDCAT

study conclusions, if high plasma beta can be achieved, the COE of DD tokamaks
approach that of DT tokamaks. -

Some smaller. scale studies have been performed for the DHe fuel cycle 1.3,
1.4:. The main reason that designs for this fuel cycle have not been developed to
the same extent as for the DD fuel cycle is the inability to guarantee a supply of fuel.
To circumnvent this problem, some studies have focussed on the DD breeder/DHe

satellite system [1.7, 1.12°. This scenario utilizes free neutrons from a cat-D reactor

to breed tritium which is then allowed to decay to helium-3, supplying fuel for a

satellite DHe reactor. Other DHe reactors have been designed assuming fuel would
be available. Values of plasrha‘beta from 0.1 to 0.3 have been used, with on axis
fields of 5.5 to 7.0 T [1.3, 1.4]. No estimates for the cost of electricity from these

designs was made.

1.5 Scope of Present Work

NN

The advantages and disadvantages of the DD and DHe fuel cycles relative to
the DT fuel cycle have been briefly presented in this introductory chapter. For a -
given geometry, size, toroidal field and plasma beté, the power production of an
advanced fuel reactor is substantrially lower than that of a tritium fueled reactor.
Consequently, a DD or DHe reacfor must be significantly larger and/or operate at
higher magnetic fields or higher plasma betas than a DT reactor of comparable
fusion power. Larger deyvices with higher field magnets are more difficult to de- |
sign. Larger devices would also impl_v larger auxiliary systems and higher pérasitic
power losses resulting in lower efficiency and reduced net electric power. Higher
temperature 6peration for the advanced fuel reactor results in greater cyclotron
and bremsstrahlung losses and necessitates a larger confinement parameter, nr,

and fewer impurities in the plasma in order to achieve ignition. The larger fraction

~
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of total power in the form of rharaed partnclv; and radiation makes heat load a
concern in the first V\all/blanket desxgnv The overall result of these factors may
be to increase the cost of electricity for advanced fuel reactors. However, no cost
studies have estimated the economic benefits of lower occupational, accident and
waste disposal hazards anticipated fo}_ the advanced fuel cycles. Furthermore, even
if these effects do not make DD or DHe reactors a cheaper source of electricity, it
has yet to be determined if the safety benefits from these fuel cycles justify a more
expensive source of power. An attempt to achxeve some conclusions with regards

to the cost effectiveness of the DD and DHe fuel cycles is made in this work.

The representative designs for the comparison are described in chapter 2. In
chapter 3, a discussion of the economic evaluation is given. Chapter 4 discusses in
more detail, the components of the fuel handling system required for each fuel cycle.
In chapter 5, the tritium hazards of the fuel cycles are estimated by scaling and
extension of previous studies. Induced radioactivity hazards and waste management
issues are also addressed. In chapter 6, the safety and economic repercussions
of a loss of coolant accident are assessed and compared. Chapter 7 applies an
approach to cost /benefit analysis to determine the cost effectiveness of the various
designs. Conclusions and recommendations are are summarized at the beginnihg of

the report.
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Chapter 2.

Reference Reactor Designs

The prifnary objective of this study is to assess the impact of the fusion fuel
cycle on reactor safety and economics. In order to investigate the impact of using
an advanced fuel instead of DT fuel, the fusion reactors for each fuel cycle must
first be defined. Several reactor designs have been dévelo'ped for this purpose, each
being a puléed, supercon&ucting tokamak. The desighs were characterized using
the superconducting design code described in appendix A, and are discussed in this
chapter. An effort has been made to develop consistent designs. Thus, only neces-
sary modifications to a base case DT design were made in order to accommodate
DD and DHe fuel cycles. In this way, it is hoped, the impact of changing the fuel
cycle will not be obscured. It should be noted that these designs do not represent
the optimum scheme for each fuel cycle, but rather provide the foundation for com-
paring the fuel cycles on an equal basis. In this section, the parameters common
to all designs will be outlined. Specific designs for each of the fuel cycles will be
presented. The reasoning for the choice of specific values of parameters will be

discussed.
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- 2.1 Reactor Parameters

2;1.1 Plasma Beta

The effectiveness of utilizing the magnetic field for confinement of a plasma,
as measured by the plasma beta, is a key physics para.méter which impacts overall
cost. This is particularly true for schemes like the tokamak which rely primarily
on strong magnetic fields generated by external conductors for confinement of the
plasma. Experimental values of plasma beta achieved to date have been limited to
5 % [2.1]. Studies [2.2, 2.3] have suggested that a substantial decrease in the cost
of energy could be realised by operating at a higher value of beta than currently
possible, since a greater fusion power density would be achieved (fusion power ~ 32).
A smaller reactor could be used to producé a given amount of power. This issue is
more ih}portant when considering the advanced fuel cycles, because the economics
may only be attractive with higher beta [2.4 - 2.8]. Furthermore, high beta would
relax the requirement for high magnetic fields for advanced fuel devices, lowering
magnet costs and reducing synchrotron losses. If limitations on beta imposed By
~ the physics render such high values unattainable, the design is driven to a more-
expensive region of parameter space. It is possible, however, that a very high beta
may not be beneficial for DT reactors [2.8]. As beta is increased, the power density
increases, allowing the reactor to be smaller for the same total power output. Wall
loading and materials limitations may then be encountered. Although operation
at higher beta permits the use of lower magnetic fields for the same power output,
more frequent replacement of components at higher wall loadings may render high

beta DT reactors uneconomical.

Because MHD instabilities have the potential to limit beta to low valués, ex-
tensive studies at several laboratories have been performed to determine ideal MHD
limits for various configurations. The maximum stable value of beta has been found
to increase with inverse aspect ratio, elongation and triangulérity. Scaling laws for

the beta limit have been developed.as a function of principal geometric factors.
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Several are given in table 2.1. These apply to the first region of stability. Experi-
ments on Doublet 'III covered a wide range of plasma shapes in order to compare
experiments with theofy {2.9]. Betas of up to 4.7 % were achieved {2.9] and good
agreement \%‘ith the theoretical ballooning mode prediétions of Tuda and Sykes was

found 2.10)].

The existence of a high beta second region of stability has been predicted

r

by various theoretical studies (2.5, 2.9, 2.11 - 2.13]. For the BIG DEE tokamak,

“which will be constructed from the Doublet III tokamak, the theoretical beta limit

was found to vary from 11 % to over 21 % [2.5]. Yamazaki et al. 12.11] indicate
that higher elongation and more pronounced triangularity of the plasma shape are
favourable for achiew'ing higher beta values. Furthermore, they propose that strong
bean shaping has the essential feature of allowing access to the second stability

region.

Grimm et al. [2.12] suggest that bean shaping céuld provide for a ballooning-
mode-stable path to very high beta values ( 8 > 20%) in medium aspec't ratio,
slightly elongated tokamak plasmas. Chance et al. {2.13] state that indentation of a
tokamak plasma on its inboard side aids in achieving high beta stability against bal-
looning modes and that moderate indentation provides accessibility to the second
region of stability. Sheffield [2.17], Dobrott {2.6] and Baxter et al. [2.7) a?pear opti-
mistic regarding the achievability of higher beta. However, others {2.18', 2.19] have

expressed their skepticism towards the attainment of the second stability regime.

No scaling laws describing achievable beta in the second stability region as a
function of relevant parameters currently exist. Because of this, and the relatively
large uncertainties associafed with second stability beta, it is difficult to explqre
possible commercial reactor designs using the high beta approach. The second sta-
bility regime is significantly displaced from present tokamak physics and a number
of theoretical questions remain. Despite this, it was felt importanf to examine the

potential of high beta designs. Representative high beta cases have been generated
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assuming confinement continues to follow present trends at high beta. Access to the

second stability regime was assumed to be obtained through strong plasma shaping.

In all fairness, the fuel cycle comparison should be made at the same value
of beta. It appears to be most desirable to operate at high beta, but whether or
not such values can be achieved is uncertain. Consequently, reactor designs for a
range of values of beta were developed for the DT and DD fuel cycles (from 3 % to
20 %). A sfng]e intermediate value of beta of 10 % was chosen for the DHe fuel cycle
since‘ it was felt that scoping the entire range for this fuel cycle would not reveal
any new information in addition to that found for the DD fuel cycle. In a recent
DD reactor assessment [2.7], it was shown that eéonomic gains beyon.d a beta value
of 20 % are small. At values of beta in this vicinity, the cost of energy from a DD
tokamak was shown to approach that of a DT tokamak. For this reason, an upper

limit for beta of 20 % was chosen.
2.1.2 Blanket Materials

The Blanket concept selected for the DT designs employs a liquid lithium
breeder, helium coolant and HT-9 (ferritic steel) as the structural material. This
combination of breeder/coolant/structure was one of the top ranked tokanlla'k blan-
ket designs recommended for further inw'estigation by the Blanket Comparison and
Selection Study [2.20]. It was selected as the most attractive option for the present
study over Li/Li/V (ranked #1) and Li;O/He/HT-9 (ranked #2). The use of He
as blanket coolant was desirable since it can be used for all fuel cycles, and the
safety concerns associated with a liquid lithium coolant in the DD and DHé designs
would be avoided. The use of a liquid breeder for the DT designs was felt to be
advantageous since it can be circulated through the blanket, allowing for the bred

tritium to be extracted external to the blanket.
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With the advanced fuel designs, the need for tritium bréeding is eliminated.
The blanket can be designed to maximizé energy multiplication. The material
chosen for the DD and DHe blankets is HT-9, cooled by helium. By keeping the
structure and coolant the same as in the DT designs<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>